The stretch-induced myog enic response (MR) of largecapacitance pulmonary arteries were studied in normal and pulmonary hypertensive fetuses as well as normal newborn and adult sheep. Pulmonary hypertension in the fetus was induced by ligation of the ductus arteriosus for 12 d. The MR was obtained by stretching the vessel segments in vitro from their resting diameter (no load) to the diameter at which the muscle fibers were at optimal length (L o)' and the response was measured as a percentage of force obtained after supramaximal electrical stimulation (Po). In five control and four pulmonary hypertensive fetuses, the MR was also obtained after a stretch of 140% of L o.
lt has long been shown that changes in intravascular pressure can stimulate smooth muscle to contract (1) . This phenomenon, known as the myogenic response, can be reproduced in vitro by mechanical changes in vessel wall stress. The vascular wall receptor sites and the transduction pathways for muscle contraction associated with this response are not completely understood, but these are believed to be related to stretch-induced opening of cell-membrane calcium channels and resulting smooth muscle cell-membrane depolarization. This response has been documented in systemic as well as pulmonary vessels and is consider ed predomi nant at the level of small resistance arteries (2, 3) .
We have recently observed the presence of myogenic response in large-capacitance pulmonary arteries of the guinea pig. Stretch-induced force generation of second-g eneration pulmonary arteries was seen in newborn and adult animals, with the magnitude of the response being greater in the former. Interestingly, in the newborn, the myogenic response in the ACT was also greater in the experimental (514 ::!:: 148% of Po) than the control fetuses (142 ::!:: 68; p < 0.05). Postnatally , the MR was present in 67% of the newborn and 15% of the adult pulmonary artery segments, and the response was greatest in the newborn (23.1 ::!:: 4.2% of Po) compared with the adult (2.3 ::!:: 0.8; p < 0.01). These data indicate that the stretch-induced MR of largecapacitance pulmonary arteries of the sheep shows significant developmental differences postnatally and is greatly enhanced in the fetus after pulmonary hypertension. We speculate that largecapacitance arteries play a role in the control of pulmonary vascular resistance in pulmonary hypertension as a result of wall stiffness changes in response to intravascu lar pressure-induced MR. (Pediatr Res 37: 196-201, 1995) Abbreviations PPHN, persistent pulmonary hypertension syndrome L o , muscle optimal length Po, muscle maximum isometric force generation pulmonary artery is quite powerful, and a force 1000% greater than that after high-potassium stimulation was observed (4) .
The smooth muscle cell' s ability to generate force is dependent on the position of the actomyosin cross-bridges. After a stimulus, the smooth muscle develops maximum tension when its myofibrils are stretched to the point where the cross-bridges are ideally positioned to allow for maximal interaction (optimal length). Muscle elongation beyond the optimal length results in a decrease in force generation, presumably because of dissociation of cross-bridge s.
Force generation in relation to the muscle fiber optimal length is problematic when stretch-induced myogenic response is evaluated. Most commonly, vessels are stretched by as much as 200% of their optimal length to induce the myogenic response (2, 5-7). Such a degree of stretch not only is nonphysiologic, but the muscle's cross-bridges may be irreversibly damaged.
It is apparent that, at least for pulmonary vessels, the myogenic response can be elicited after a lesser degree of wall stretch. We have recently shown that the myogenic response in the newborn and adult guinea pig can be elicited by stretching the pulmonary arterial smooth muscles from their resting length to optimal length (8) . This represents a 20% increase in vessel diameter and maintains the muscle under its optimal length . We observed that the magnitude of contraction induced by this lesser stretch was also greater in the newborn, confirming that development al differences do exist, even at levels of stretch likely to occur in vivo. This later evidence suggests that stretch-induced myogenic response of large-capacitance arteries may play a role in the developmental differences in vascular resistance.
The main objective of the present study was to evaluate the stretch-induced myogenic response of the fetal pulmonary arteries after pulmon ary hypertension vis-a-vis its relevance to PPHN. The maintenance of a high pulmonary vascular resistance postnatally is the hallmark of this syndrome, but the etiology and pathogenesis of this condition are unknown.
Recently, an animal model to study PPHN was developed (9-13). Surgical ligation of the ductus arteriosus prenatally in fetal sheep results in hemodynamics and lung histologic changes similar to what is seen in infants with PPHN. We hypothesize that the large-capacitance pulmonary arteries in the fetal sheep model of PPHN exhibit an enhanced stretchinduced myogenic response compared with its normal control counterpart. Lastly, with a view to better interpret the above results, similar measurem ents were also obtained in newborn and adult sheep.
METHODS
Fetal studies. Twenty-four control and 16 pulmonary hypertensive fetal sheep were studied at 138 d gestation. Pulmonary hypertension was induced by surgical ligation of the ductus arteriosus as previously described (11) . Briefly, ewes with twin pregnancy were subjected to a cesarean section under general anesthesia and the fetuses exteriorized. In the experimental animals, a left thoracotomy was performed and the ductus arteriosus was ligated with a silk band. The chest was closed, the fetuses were returned to the uterine cavity, and the incisions were closed in layers. The control fetuses were not instrumented.
At least 8 d after ductus arteriosus ligation, the fetuses were delivered by cesarean section (pentobarbital sodium anesthesia) and immediately killed (intracardiac potassium chloride injection). Second-gen eration intralobar pulmonary artery segments were dissected free immediately after death. Vessel rings 2 mm in width were mounted in a customized lever system and incubated for 60 min in Krebs-Henseleit solution bubbled with a 95% oxygen and 5% carbon dioxide and maintained at 3rc.
Newborn and adult studies. To obtain normative data on the developmental changes in stretch-induced myogenic response in sheep, we studied newborn « 1 wk old; n = 31) and adult (6-12 mo of age; n = 20) sheep. The animals were killed with an overdose of pentobarbital sodium and potassium chloride, and the lungs were removed. Second-generation intralobar pulmonary arteries were dissected free and prepared as for the fetuses. The vessels were mounted as previously described, and similar measurements of their mechanical properties and myogenic response were obtained.
Smooth muscle mechanical properties. The following mechanical measurements were obtained as previously described (14): 1) Length tension curves-these were initially obtained to establish the L o ' 2) Stress-the maximal isometric tension was obtained by supramaximal electrical stimulation (Po)' Stress was derived by normalizing force to the vesse l crosssectional area. 3) Maximal shortening capacity-this was obtained by the quick release method, which consists of releasing the muscle to a quasi-zero load (0.5 mN) under passive and active contraction. For the passive contraction, the degree of muscle shortening after passive recoil (releasing the muscle to a quasi-zero load from its resting tension without stimulation) was measured. For the measurements of active contraction, 2 s after the onset of electrical stimulation, the muscle was released to a quasi-zero load and allowed to shorten maximall y. The maximum shortening capacity was represented by the difference between active and passive shortening and expressed as a percentage of L o • 4) Compliance-the vessel segment compliance was the ratio of change in vessel length over the load applied to stretch the vessel from its resting diameter (no load applied) to the diameter corresponding to the muscle fiber optimal length.
Myog enic respon se. To study the stretch-indu ced myogenic response under isometric conditions without elongating the muscle beyond its optimal length, the following steps were taken: 1) The muscle fiber L, was determined by the length tension curves, and the load to maintain the muscle at L, identified (resting load).
2) The load applied to the muscle was clamped to zero. 3) After 1 min at a load of zero, the resting load was reapplied such that the muscle was instantaneously returned to L o ' In pilot experiments, it was determined that this technique results in a vessel wall stretch equivalent to a 20% change in L o ' The myogenic response was measured as the force developed over and above the resting tension (Fig. 1,  panel A) .
The myogenic response was also measured in the pulmonary hypertensive and control fetuses after a stretch greater than L o ' For that, the vessel segments were stretched up to 140% of their L o . After the stretch maneuver, and when the force tracing was stable, complete muscle relaxation was induced by the addition of papaverine (10-4 M) and the stretch-induced myogenic response measured as the change in force brought about by papaverine relaxation (Fig. 1, panel B) , as previously described by Hwa and Bevan (5) . This degree of stretch was chosen to obtain consistent results without imposing excessive strain on the muscle's cross-bridges. The myogenic response of each vessel was elicited only once, and its magnitude was expressed as a percentage of the Po after supramaximal electrical stimulation.
Confirmation of pulmonary hypertension. To confirm the presence of chronic pulmonary hypertension in the fetuses, the right and left ventricular free wall weight ratio was obtained in the control and experimental animals. As previously shown (11) , ligation of the ductus arteriosus in the fetus results in significant right ventricular hypertroph y, and increased rightto-left ventricular free wall weight ratio.
Stati stical analysis. The unpaired t test was used for all comparisons between control and experimental fetuses, as well Stretching the fetal pulmonary arterial segments from resting up to the La induced an increase in force in 30% of the experimental and 20% of the control animals. The resulting stretch-induced myogenic response was 2-fold greater in the pulmonary hypertensive arterial segments compared with control values (p < 0.01; Fig. 2 ).
Data obtained from five control and four pulmonary hypertensive fetuses after a 140% stretch in the muscle optimal length is illustrated in Figure 3 . This degree of stretch resulted in a myogenic response in 100% of the experimental and 60% of the control fetuses, with the ultimate force generated in all responders being much greater than that obtained after supramaximal electrical stimulation in both groups. Yet the average myogenic response was still 3-fold greater in the pulmonary hypertensive vessels compared with the controls (p < 0.05). Significant pulmonary hypertension was observed in the experimental group, as evidenced by the increased right-to-left ventricular free wall ratio of 1.38 ± 0.11 in the ductus arteriosus ligated ve rsus 0.98 ± 0.04 in the control animals (p < 0.01). Table 1 depicts the characteristics of the fetal secondgeneration intralobar pulmonary artery and their smoothmuscle isometric and isotonic mechanical properties. Pulmonary hypertension was associated with a significantly lower resting tension (p < 0.05), stress, and shortening capacity (p < 0.01). •
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The vessel characteristics and the smooth muscle mechanical properties of newborn and adult sheep pulmonary arteries are illustrated in Table 2 . Compared with the newborn, the adult pulmonary arterial muscle stress was higher (p < 0.01) and the shortening capacity greater (p < 0.05).
A myogenic response was observed in 15% of the adult and 67% of the newborn pulmonary artery segments. As illustrated in Figure 4 , significant developmental differences in the stretch induced myogenic response of large pulmonary arteries were observed. The response was the lowest in the adult and significantly different when compared with the fetus and newborn. Although there was a tendency for the newborn values to be higher than the fetal ones, the difference did not reach statistical significance.
There was no significant correlation between the magnitude of the response and stress for the normal fetal, newborn, and adult sheep, but the highest values for the myogenic responses were seen in vessels generating a low stress after supramaximal electrical stimulation (Fig. 5 ). We have observed, after a sudden and significant change in wall stress, significant developmental differences in the myogenic response of sheep second-generation intralobar pulmonary arteries. The magnitude of the response is greater in the newborn and fetus compared with the adult, regardless of whether the muscle is stretched to less than or more than its optimal length. In addition, induction of pulmonary hypertension in the fetus further enhanced the magnitude of myogenic response. To evaluate the stretch-induced myogenic response under conditions comparable to the conditions in vivo, we initially stretched the vessel segments by only 20% of their resting diameter. Other investigators have used much greater degrees of in vitro wall stress, stretching the vessels by as much as 200% of their resting diameter (5-7). In eliciting this lesser degree of wall stretch, the percentage of vessels responding with force development (myogenic response) varied by as little as 15% in the adults and 67% in the newborn. In the fetuses, the myogenic response was obtained in 100% of the pulmonary hypertensive vessels after a stretch of up to 140% of the La' and the force generation in the responder controls and experimental vessels was much greater than that obtained with electrical stimulation. Presently, the factors accounting for lack of response in certain vessels are unclear. Nevertheless, in the fetus, a stretch-induced force greater than that after supramaximal electrical stimulation suggests that changes in wall stress are a very powerful stimulus for muscle contraction.
DISCUSSION
The myogenic response has been studied in systemic and pulmonary vessels (15) . Although it is observed in both large and small resistance arteries, it is believed to be more prominent in the latter (15) . Limited data are available on the 200 BELIK myogenic response of pulmonary arteries. In the adult cat, stretch-induced force development in vitro was only seen in vessels with a diameter < 1000 /-Lm (16) . In the newborn and adult guinea pig, we have observed a significant myogenic response in large-capacitance arteries (4, 8) . As observed for the sheep, the newborn guinea pigs' response is much greater than the adult's, and the magnitude of the force is proportional to the degree of stretch. In the newborn, after a stretch of 200% of the vessel diameter, the muscle generates a force 10 times greater than that obtained with high potassium stimulation in the newborn (4) . In contrast, the adult guinea pig's large pulmonary arteries develop a maximal force only 3 times greater than that observed with high potassium stimulation after a 160% increase in vessel diameter. Thus, on the basis of data obtained from these two animal species, it is evident that not only is the myogenic response present in large-capacitance arteries, but it can amount to significant force development, even compared with other potent smooth muscle contraction stimuli. Notwithstanding, it is important to emphasize that, although each vascular muscle was studied at its optimal length and thus under conditions similar to those in vivo, the present in vitro data cannot be readily extrapolated. In vivo changes in vessel diameter with smooth muscle activation might result in myogenic responses different from those observed in vitro; thus, additional whole-organ studies are required to validate the present data.
The factors accounting for the maintenance of a higher pulmonary vascular resistance in PPHN of the newborn are unknown (17) . Most studies using the prenatally ductus arteriosus-ligated fetal sheep model of pulmonary hypertension have concentrated on in vivo hemodynamic measurements (9, 10, 12, 13) . Abnormalities in nitric oxide released by the endothelium (18) or an increased synthesis of vasoactive peptide such as endothelin-l (19) are believed to act on small resistance arteries, resulting in the maintenance of a higher pulmonary vascular resistance postnatally in this model (20, 21) . Histologically, the lung changes associated with pulmonary hypertension are limited to extension of muscle to nonmuscular peripheral arteries, suggesting that solely the small resistance arteries are responsible for the hemodynamic changes in the fetal sheep animal model and in human disease.
In contrast, we have recently reported significant abnormalities in the smooth muscle of large-capacitance pulmonary arteries of the ductus arteriosus-ligated fetal sheep (11) . The pulmonary vascular smooth muscle generates less force and has a smaller shortening capacity but has a much longer relaxation time. The present data demonstrate that the smooth muscle of these arteries exhibits a stretch-induced myogenic response of greater magnitude than controls. These data prompted us to further speculate on the role of the largecapacitance pulmonary arteries in the control of pulmonary vascular resistance.
It is well known that the large-capacitance arteries play an important role in the maintenance of adequate circulation by "storing" energy during systole and returning it as elastic recoil during diastole, thereby maintaining blood flow (Windkessel effect). In addition, the large elastic arteries "buffer" the pressure transmission of the pulse wave to the smaller resistance ones (22) . Inasmuch as the degree of vasoconstriction of smaller resistance arteries is directly dependent on the intravascular pressure (myogenic response), this ability of the larger-capacitance vessels to reduce pressure transmission to the smaller arteries likely makes them an integral participant in the control of pulmonary vascular resistance. In this respect, we speculate that wall stretch of large-capacitance arteries caused by the pulse wave results in stretch-induced myogenic response of their musculature and stiffening of their wall. Other investigators have made similar speculations in the past (23), suggesting that the elastic properties of these vessels will be counteracted by muscle contraction and that the pressure transmitted downstream is directly proportional to the degree of stiffness of these vessels.
Our previous observation of a lower stress and shortening capacity of pulmonary vascular smooth muscle in the pulmonary hypertensive fetus (11) suggests that the maintenance of a higher pulmonary vascular resistance postnatally in these animals might be the result of abnormalities in vasodilation and not of a greater potential for vasoconstriction. In this respect, the longer relaxation time and increased myogenic response of the smooth muscle in pulmonary hypertension could account for the maintenance of increased wall stiffness in largecapacitance vessels. Induction of the myogenic response with each pulse wave associated with a failure of the muscle to completely relax with each stimulation due to its increased relaxation time would result in greater vessel wall stiffness in pulmonary hypertension. Lastly, the vessel wall compliance in the control and pulmonary hypertensive animals were similar, suggesting that any differences in wall stiffness are secondary to changes in the degree of muscle contraction and not caused by altered extracellular matrix content, a common finding in neonatal and adult pulmonary hypertension (16, 24) . This is in keeping with our previous observation of unaltered collagen and elastin content in large pulmonary arteries of the ductus arteriosus-ligated fetal sheep (25) .
In conclusion, we observed a significant enhancement of the stretch-induced myogenic response after pulmonary hypertension in the fetal sheep. In addition, this response is clearly present in large-capacitance pulmonary arteries and of greater magnitude in the normal newborn and fetal sheep. Studies addressing the role of the stretch-induced myogenic response of large-capacitance arteries in the control of pulmonary vascular resistance in normal and pulmonary hypertensive fetuses are presently under way to further address this issue.
